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Abstract 
The high throughput discovery of new materials can be achieved by rapidly screening many different 
materials synthesised by a combinatorial approach to identify the optimal material that fulfils a particular 
biomedical application. Here we review the literature in this area and conclude that for polymers, this 
process is best achieved in a microarray format, which enable thousands of cell-material interactions to be 
monitored on a single chip. Polymer microarrays can be formed by printing pre-synthesised polymers or by 
printing monomers onto the chip where on-slide polymerisation is initiated.  
The surface properties of the material can be analysed and correlated to the biological performance using 
high throughput surface analysis, including time-of-flight secondary ion mass spectrometry (ToF-SIMS), X-
ray photoelectron spectroscopy (XPS) and water contact angle (WCA) measurements. This approach 
enables the surface properties responsible for the success of a material to be understood, which in turn 
provides the foundations of future material design. The high throughput discovery of materials using 
polymer microarrays has been explored for many cell-based applications including the isolation of specific 
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cells from heterogeneous populations, the attachment and differentiation of stem cells and the controlled 
transfection of cells.  
Further development of polymerisation techniques and high throughput biological assays amenable to the 
polymer microarray format will broaden the combinatorial space and biological phenomenon that polymer 
microarrays can explore, and increase their efficacy. This will, in turn, result in the discovery of optimised 
polymeric materials for many biomaterial applications. 
Keywords: Microarray; Biomaterials discovery; High throughput; Surface analysis; Polymerisation  
Contents 
1. Introduction ................................................................................................................................. 2 
2. Micro array production methods ................................................................................................. 6 
2.1 Slide coatings ........................................................................................................................ 6 
2.2 Material Array production ..................................................................................................... 7 
2.2.1 Masking .......................................................................................................................... 7 
2.2.2 Microarray formation ..................................................................................................... 7 
2.2.4 Laser initiated polymerisation ...................................................................................... 11 
3. Polymer Characterisation .......................................................................................................... 12 
4. Assessment of Biological Response to micro arrays ................................................................ 14 
5. Future Outlook .......................................................................................................................... 20 
Acknowledgements ....................................................................................................................... 21 
References ..................................................................................................................................... 21 
 
1. Introduction  
Combinatorial chemistry methodologies, initially developed and applied in the pharmaceutics industry 
for the discovery of drugs, involve the synthesis, processing and screening of vast numbers of molecules in 
parallel [1, 2]. To be useful, combinatorial methodologies require complementary high throughput 
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characterisation approaches, to both define the chemical or material structure and ‘screen’ the performance 
in the desired application [3]. Thus, a large amount of effort has gone into bulk, surface and biological 
characterisation using approaches compatible with the high throughput philosophy [4]. Such an approach is 
of particular interest when there is no theoretical basis for predicting performance from the 
structure/composition of a molecule, formulation, or material. This is often the situation when considering 
the application of synthetic compounds in biological environments, where the target receptor or underlying 
biological response remains either poorly or only partly understood. This is particularly true of the field of 
biomaterials where to date there has been little progress in developing a theory relating the surface 
chemistry of materials to the biological response e.g. in the control of stem cell differentiation or 
maintenance of their pluripotency for therapeutic application through material-biological interactions.  
Early approaches for the combinatorial production of large numbers of different compounds utilised 
solid-phase peptide synthesis methods, whereupon short peptides were grown from solid resin supports, 
usually in the form of beads, in a stepwise manner [2]. A library of molecules was produced by sequentially 
splitting the beads into aliquots that were each coupled with a different monomer, then the beads were 
recombined, mixed and again split to repeat this process [2]. This method has also been used for producing 
short oligonucleotides [2], and more recently, with the advent of microwave induced solid-phase synthesis, 
has been used to produce non-linear organic molecules [5].  
These combinatorial molecular synthesis approaches have been extended to the development of materials 
by using combinatorial approaches specific to the production of solids [6]. An early example was the 
synthesis of a library of minerals as thin films on a single ‘chip’ using a sequential masking and unmasking 
procedure with ion sputtering to produce a range of material compositions [7]. Subsequently, many 
variations on this theme of combining components to create a range of material types and/or compositions 
have been published including photoluminescent composite materials [8], polymer films [9], conductive 
polymers for the creation of electronic circuitry components [10, 11], metal salt catalysts [12], transition 
metal catalysts [13], metal nanoparticles [14, 15], ceramics [16-18] and organic light emitting diodes [19]. 
Polymeric materials are of particular interest for investigation by high throughput strategies, both because of 
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their wide application in bio-medicine and because of the large combinatorial space associated with the large 
number of monomers available and their possible combinations [20]. One methodology used for the parallel 
investigation of multiple polymer samples is spatial gradients [21-25]. Gradient investigations employ the 
variation of the relative composition of two material properties by producing a sample that varies gradually, 
e.g. in chemical composition [26] or topography [27], across a convenient distance. Between the two 
compositional/morphological extremes, the response of the property of interest, e.g. cellular adhesion, to the 
changing composition of the gradient as a function of position can be compared on one sample [28]. This 
achieves significant time saving when compared with looking at many individual samples, each with a 
uniform but different composition, and reduces inter-sample biological variance. Two-dimensional gradients 
have also been reported, whereupon orthogonal to one gradient a second gradient is introduced. As such, 
every position on the gradient presents a unique combination of the two properties [27]. This gradient 
methodology is well suited to high throughput optimisation of a particular material property where a limited 
number of chemical components or properties are involved. However, due to the restrictions on the number 
of components that can be incorporated onto a single gradient, the gradient approach is limited in the 
discovery of new polymers and is more appropriate for optimisation. The gradient approach may be more 
appropriate as a discovery tool for non polymer materials, e.g. ceramics, glasses and metals, where new 
materials are created with very different properties at different stoichiometric compositions. 
The high throughput discovery of new polymers is better suited to the microarray sample format [29]. 
The high throughput discovery of materials (HTDM) is defined here as a methodology that allows new 
materials to be found utilising a large library of materials through screening for a particular performance in 
an application of interest. Microarrays, which can comprise of thousands of spots on a single glass slide at 
addressable locations, have been extensively used for genomics by presenting DNA or protein based probe 
molecules [30-32]. Replacing biomolecules with monomers allows the formation of a combinatorial library 
of polymer spots. Importantly, individual polymers are spatially resolved, which enables the high 
throughput, cost effective and parallel screening of every member of large libraries of polymers to identify 
new materials with interesting properties. 
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Microarrays can be formed using a variety of different techniques including photolithography, soft-
lithography, microfluidics, nanolithography, contact printing and ink-jet printing [33, 34]. Of these 
approaches, the best suited for the production of vast arrays of varied materials are the direct writing 
methods, where a print head comprising a nozzle or tip to spatially deliver molecules or using a beam of 
photons or high energy particles to initiate synthesis is used rather than the masking approach described 
previously for sputtering of materials. Of the direct writing methods, contact and ink-jet printing have 
almost exclusively been utilised for formation of polymer microarrays due to their ability to produce 
patterns of thousands of different materials at a feature size around 100 µm in a rapid manner. Furthermore, 
these approaches are readily amenable to changes in the printing pattern, which cannot be achieved where a 
master pattern is designed, for example in microcontact printing.  
The microarray format also provides an ideal platform for the rapid assessment of material-cell 
interactions, which are intrinsic to all biomaterial applications, by presenting many materials in a manner 
amenable to cell culture. By appropriate choice of bioassay, the material presenting the optimised 
performance can be readily selected. The absence of adequate polymeric materials for biomedical 
application and, thus, the motivation for materials discovery, is well illustrated by the prevalence of surface 
modification of polymers in an attempt to achieve the required surface properties [35-47]. The creation of a 
diverse range of polymeric materials is an important requirement for producing biomaterials ideally suited to 
the unique and specific requirements of every medical application [20]. This review focuses in particular on 
the fabrication and physio/chemical characterisation of polymer microarrays and their biological evaluation, 
since we believe that this adaption of high throughput screening will yield the maximum benefit from the 
process. This will put these methods in the context of their use in the discovery of new polymeric 
biomaterials. 
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2. Microarray production methods 
2.1 Slide coatings 
For platforms used for HTMD, the chemistry of the underlying substrate material plays an important role 
in the formation of the array as well as the success of subsequent bioassays. Material arrays used for the 
discovery of biomaterials require a substrate that is both adherent to the materials printed on it and is 
resistant to the attachment of biomolecules and living cells in order to optimise the signal to noise ratio of 
any biological assay and prevent cross-talk from one spot to another. A number of different surface coatings 
have been developed with these needs in mind, with emphasis generally placed on using cheap and robust 
coating methodologies. One such example is the dip-coating of a commercially available epoxide 
functionalised slide into a poly(hydroxyethyl methacrylate) (pHEMA) solution [48, 49]. Dip-coating is a 
simple technique that can easily be achieved in any laboratory, making this modification approach 
accessible. pHEMA is an attractive coating as it is able to resist cell attachment as well as providing a matrix 
into which printed material can penetrate and physically entangle to improve the stability of the spots [48]. 
Agarose is an alternative coating that may be applied by dip coating using commercial aminoalkylsilanated 
slides [50]. Agarose and pHEMA are intended to prevent cell attachment whilst being non-toxic. 
Poly(ethylene glycol) (PEG) based coatings have also been widely used for producing low-fouling coatings, 
and are widely used to effectively inhibit biomolecular adsorption [51]. In order to produce a PEG modified 
surface, a methodology has been proposed by the groups of Griesser, Thissen and Voelcker in which a PEG 
layer is reacted with an amine plasma polymer coated slide. [51-54]. Of importance was the production of a 
dense, brush-like layer, produced by grafting the PEG to the surface at ‘cloud point’ conditions in order to 
optimise the ability of this layer to resist the adsorption of biomolecules. Polymers arrayed onto this surface 
can be covalently attached by modifying the polymer with a cross-linker or incorporating epoxy groups into 
the PEG layer. This is discussed further in section 2.2.2 Microarray formation. 
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2.2 Material array production 
The creation of material arrays requires a combinatorial library of materials to be generated and 
positioned at addressable locations on a substrate surface. The library can be generated prior to the synthesis 
of the array, for example by printing pre-synthesised polymers, or concomitant with the formation of the 
array, for example by printing monomers that are polymerised on-slide. Once the material has been 
deposited onto the substrate it needs to be fixed with sufficient strength and durability that it can resist the 
biological evaluation process, which is a challenging requirement since it typically involves submersion in 
water. This may be achieved by physical entanglement, non-covalent or covalent interactions. The key 
advances in polymer microarray production are highlighted in Table 1. 
2.2.1 Masking 
Initial methods to produce a microarray of solid materials on a single substrate used a sequential masking 
procedure, inspired by methodologies developed for combinatorial chemistry [7]. In this approach, 
illustrated in Figure 1, masks were used to ensure that certain regions were coated by a particular material, 
for example by sputtering a ceramic material, whereas other regions remained uncoated. The mask was then 
exchanged, moved or rotated such that a different pattern of exposed and unexposed regions was revealed. A 
new material could then be deposited. By repeating this process a number of times, each time with a varied 
mask and material, many different combinations of materials at unique positions on the substrate were 
generated (Figure 1). Using seven different sputtering targets combined at various ratios, an array of 128 
unique materials was produced [7]. This approach was improved by using the stepwise generation of 
photomasks [2], which provided a more precise masking of the surface by eliminating the diffusion of 
sputtered material underneath the mask. However, this process is limited in the materials it can be used for 
and is not amenable to variations in pattern design, due to the requirement of a mask. 
2.2.2 Microarray formation 
Polymer microarrays are typically formed by either contact or ink-jet printing. Contact printing involves 
the use of a robot moving a metallic pin, which is dipped into a solution and then spotted onto the substrate 
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surface by making contact, as illustrated in Figure 2. The pin may either be solid or contain a groove 
analogous to an ink quill, such that the solution is drawn up into the pin and the spotted material is taken 
from this reservoir (Figure 2). The ink quill design has the advantage that more spots can be printed from a 
single dip in the solution. Contact printing is attractive for ease of transfer and the absence of small apertures 
in the system that can become blocked. The size and shape of the pin used is the determining factor in the 
resultant spot size. Contact printing was first used to produce an acrylate microarray on a pHEMA coated 
slide by Anderson et al. using on-slide UV photo initiated polymerisation, as illustrated in Figure 3a [48]. 
This was achieved in four steps; arraying acrylate monomers with an initiator, activation of initiator upon 
UV irradiation, polymerisation of the monomer, and finally removal of the solvent. This resulted in stable, 
covalently crosslinked polymer spots. By premixing the various monomers at a set ratio a large polymer 
library of 576 materials was readily achieved in triplicate on each slide. A typical array formed by this 
method is shown as Figure 3b. This array was printed on a pHEMA background to avoid cell attachment to 
unmodified regions. The attachment and pluoiptoency of embryonic stem (ES) cells was rapidly screened 
with many disparate chemistries on this array [48, 55]. A similar approach has also been developed on a 
PEG background [56]. Here, an array of seven different materials was constructed by depositing spots of 
monomer solution with initiator. The spots were polymerised by UV exposure and subsequently used to 
assess the attachment of HeLa cells. This approach decreases the time required for polymer library synthesis 
and microarray formation by combining these processes. Furthermore, this approach allows materials that 
cannot be printed, such as cross linked polymers, to be included in the polymer library as they are printed in 
the monomer state. However, the polymer synthesis conditions are likely to differ when materials are 
produced on a larger scale. 
Subsequently a biodegradable polyester microarray was deposited on a pHEMA coated slide from a pre-
synthesised library by Anderson et al. [49] and shortly afterwards a similar approach was taken for 
depositing polyurethanes on an agarose gel coated slide by Tourniaire et al. [50]. In these approaches 
polymers were pre-synthesised and deposited from solution, which allowed standard polymer 
characterisation techniques such as gel permeation chromatography and differential scanning calorimetry to 
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be utilsied. An alternative to contact-printing is ink-jet printing. In this approach a nozzle is used to draw up 
then eject polymer solution onto the substrate at a defined droplet volume, as depicted in Figure 2. The 
volume of the droplet and the surface energy of the substrate material and the printed solution determine the 
resulting spot size. This technique enables the precise control of the amount of material deposited and avoids 
contact with the surface. However, solutions of different viscosities and surface energies cannot easily be 
printed under similar conditions, limiting the number of different materials that can be included in a single 
printing run. In addition, the small orifices are susceptible to blockage by dust particles or aggregates of 
material [9]. This method can be cost-effective and readily accessible to most laboratories by using 
modified, commercially available ink-jet printers [57]. 
Ink-jet printing was first used to prepare a polymer array from individually deposited monomer for water 
soluble acrylamide monomers to form hydrogels [58]. Three monomers were deposited sequentially onto the 
same position, with a solution containing a catalyst to initiate the reaction being printed subsequently. This 
drop in drop mixing approach required that the solvent, water in this case, did not evaporate before the 
mixing was complete. The authors proposed that the turbulence induced by the printing procedure resulted 
in the complete mixing of the monomers within the drops after 1.5 mins. This approach was used to create 
an array comprising thirty-six different materials from six monomers. Similar to the on-chip polymerisation 
process previously described, the synthesis of a combinatorial library of polymers was successfully coupled 
with the production of a polymer microarray. This not only saves time by removing the need to pre-mix 
monomer solutions, but also greatly increases the range of combinations that can be achieved. However, the 
successful on-slide mixing of monomers must be carefully assessed as is likely to be different for each 
monomer, polymerisation and printing system employed. 
One possible limitation to ink-jet printing is the rapid loss of solvent from printed picolitre-sized droplets. 
The dynamics of the evaporation of droplets can play a determining factor on the morphology of arrayed 
spots [59] and can result in the uneven distribution of deposited molecules, the common example being the 
‘coffee rim effect’ due to the solute diffusion towards the pinned rim of the spots [60]. This can be 
controlled, to some extent, by selecting an appropriate solvent volatility and by controlling environmental 
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conditions such as humidity and temperature. However, there are some monomers and solvents that cannot 
successfully be printed. An ingenious method for ink-jet printing was reported in order to limit solvent 
evaporation, hence broaden the monomers that can be printed, which employs a thin layer of paraffin oil to 
reduce evaporation. Monomers dissolved in 1-methyl-2-pyrrolidinone were printed through this oil layer, 
where they sank and settled on the substrate where they could subsequently be polymerised [61]. Water 
droplets could also be printed through the oil layer, and analysis of these droplets suggested that 
disappearance of the droplets was prevented for more than four hours. Here, relatively large droplets 
resulting in large spots sizes (0.62 mm) were used. Extensive washing was required after polymerisation to 
remove the oil. The resulting arrays were used to screen for mouse ES cell attachment. Potential 
contamination of the surface by the oil with the polymerised spots, and dissolution of monomer into the oil 
layer are important issues that remain to be addressed in this approach. 
Polymer deposition from solution and on-slide polymerisation relies on non-covalent interactions, such as 
physical entanglement, to ensure the polymer microarray is stable throughout subsequent bioassays. Thus, 
alternative approaches, such as grafting-to, have been investigated whereby the arrayed polymers are 
covalently linked to the surface, ensuring greater stability and durability of the resultant spots. This can be 
accomplished by functionalising the polymers being arrayed with a reactive functional group that, upon 
activation, covalently links the molecule to the surface. For example, amine functional polymers of interest 
were functionalised with a bi-functional linker containing both a N-hydroxysuccinimide activated ester and a 
phenyl azide group [62]. UV irradiation of the phenyl azide group formed a radical that would readily form 
a covalent linkage by inserting into the C-H bond, making this method applicable to any organic coating 
[62]. However, this process cannot be applied to chemically inert materials and, furthermore, the presence of 
the linker may conflict with desired properties of the material in use. To overcome this limitation it is 
desirable to covalently link the polymer to the surface without having to modify the polymer itself. This can 
be achieved by functionalising the substrate with a group that covalently links with arrayed polymer. For 
example, a grafting-to approach was accomplished by producing a multifunctional coating with both PEG 
groups, that provided a low-fouling background, and epoxy groups, that enabled subsequently spotted 
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biomolecules, synthetic and natural polymers to be covalently linked to the surface in a suitable manner for 
subsequent cell attachment assays using HeLa cells [53]. This is advantageous because the structure of the 
arrayed material is unaltered; however, the substrate chemistry becomes limited. In this particular study a 
plasma polymer slide coating approach was used, which is advantageous as it can be applied to almost any 
base substrate.  
2.2.4 Laser initiated polymerisation 
A laser based method has been reported for forming polymer spots that avoids the evaporation of the 
printing solution and does not rely on the surface energy of the substrate surface and arrayed solution or 
droplet evaporation as the determining factor in the size of arrayed features. In this technique, localised 
polymeric structures were formed using laser initiated polymerisation. The area of the focussed laser was the 
determining factor for causing site specific polymerisation and, thus, spot size. A microfluidic setup was 
constructed that enabled a monomer solution containing an initiator to be flowed through a chamber on a 
chip surface. An X, Y and Z stage moved the substrate under a CO2 infrared laser that delivered a pulse into 
the monomer solution, heating a localised region of the monomer solution and initiating polymerisation. 
Removal of the laser resulted in the termination of polymerisation. A typical experimental setup used for 
this procedure is shown schematically in Figure 4. In this manner localised polymeric structures could be 
grown off the substrate surface, with the possibility of producing three-dimensional structures. Replacement 
of the monomer solution with a different monomer could be used to produce a heterogeneous array of 
polymeric structures [63]. An array of 14 different polymers spots with an average diameter of 300 m were 
produced, although spot sizes as small as 70 m were reported. Cross-contamination from one monomer 
solution to the next was not investigated. In this case, the polymerisation occurred in the presence of dansyl-
L-phenylalanine as a template molecule, which was eluted subsequent to polymerisation. This approach 
enabled the identification of the most suitable polymer to produce an effective molecular imprint of the 
template molecule, which was subsequently used to selectively detect the template molecule from a mixture 
of enantiomers and derivatives, such as dansyl-D-phenylalanine [63]. 
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3. Polymer characterisation 
Polymer microarrays provide exciting opportunities for the HTDM. However, the surface of a polymer is 
often different from its bulk, as with many materials, for reasons of surface energetics. Copolymers, required 
for formation of a combinatorial library, are further susceptible to differences between the surface properties 
and the raw ingredients included in the solution due to surface segregation of components and phase 
separation. Thus, particularly when wishing to understand the influence that material properties have on 
biological systems, it is important to conduct comprehensive surface characterisation of the microarrays 
produced. Such analysis, in addition to the screening process, enables the elucidation of the relationship 
between surface chemistry and a biological phenomenon of interest, identifying not only which material is 
suitable for an application but also for what physico-chemical property is responsible for its good 
performance. It is hoped that this will help in elucidating the principles governing cell and protein 
adsorption to surfaces. This is an important development for the field of microarrays and can be seen as the 
difference between a high throughput screen of a property, where the mechanism for the performance is not 
necessary to the process, and the development of a structure-property relationship which can form the basis 
of the design of future materials. A combinatorial library including diverse constituents is particularly 
amenable to this process. 
Imaging approaches, such as optical and electron microscopy, can be used to image the size and shape as 
an initial, rapid assessment of the integrity of entire polymer microarrays. For more detailed analysis, 
Davies, Alexander et al. have developed a procedure utilising a suite of surface specific techniques, termed 
high throughput surface analysis (HT-SA), to allow comprehensive surface chemical analysis of polymer 
microarrays using X-ray photoelectron spectroscopy (XPS), time-of-flight secondary ion mass spectrometry 
(ToF-SIMS) and wettability analysis from sessile water contact angle measurements [64]. A schematic 
representation of the various techniques and a summary of the information gained from each technique is 
summarised in Figure 5. The high throughput nature of this analysis is imperative when considering the 
combinatorial nature of the arrays being studied [3]. XPS allows the quantitative measurement of the 
elemental composition of the top 10 nm of the substrate surface. This is achieved by bombarding the surface 
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with X-rays and measuring the number and kinetic energy of ejected electrons, which is proportional to the 
number of atoms and indicative of the element it originated from respectively. The chemical state of each 
element can be quantitatively determined by high-resolution measurements. ToF-SIMS provides a mass 
spectral measurement of the top monolayer of the solid surface, however, it is not readily quantified and, 
thus, is used as a complementary surface analysis technique with XPS [65]. ToF-SIMS is achieved by 
sputtering the surface with a beam of primary ions and measuring the mass of secondary ions ejected from 
the top uppermost surface. The chemical information produced is vast and, therefore, requires multivariate 
statistical methods to identify correlations that are not obvious and cannot readily be noticed from inspecting 
the raw spectra. Of significance is the use of partial least square (PLS) regression to correlate particular 
material properties with chemical or biological phenomenom [66]. PLS is a multivariate regression 
technique that correlates a dependant variable with an independent variable that contains multiple 
components, such as spectral data from ToF-SIMS. This approach has been used to compare wettability, cell 
attachment and protein adsorption with surface chemistry, with clear trends being discovered that enable 
properties such as wettability to be predicted from the material’s chemical structure [66-68].  
The measurement of wettability, achieved by sessile water contact angle measurements, is a non-
destructive surface analysis methodology that can be conducted at ambient conditions; both XPS and ToF-
SIMS require ultra high vacuum conditions. Typically, water contact angle measurements use droplets with 
a volume greater than 1 µL and a sampling area of a few square millimetres. Such an approach is not 
amenable to small polymer spots of diameters approximately 300 µm and is difficult to adapt to the high 
throughput methodology. Water contact measurements of libraries of polymers have been achieved by 
producing large scale polymer films, however, such an approach presents significant time restraints when 
trying to analyse polymer libraries comprising hundreds of constituents. To overcome these limitations, the 
use of picolitre sized water droplets has recently been reported, and offers an approach to sample the 
wettability of polymer spots in an array format in a high throughput manner [59]. 
Although the biomolecules of biological systems interact with only the surface of non porous materials, 
the bulk properties of the material can also play a significant role, for example, mechanical properties can be 
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important for the success of a material in an orthopaedic application and varied material elasticity has been 
shown to alter the differentiation fate of stem cells [69]. As such, methods that allow material’s bulk 
properties to be screened in a high-throughput manner are of interest.  
Infrared and Raman microspectroscopy provides an approach to measure the bulk chemistry of materials 
in a spatially resolved manner [70, 71]. Moreover, spectra from a single sample can be acquired in a few 
seconds. Thus, this technique is well suited to the high throughput approach and could be of use for 
characterising the bulk chemistry of polymer microarrays. Of particular interest would be the comparison of 
bulk and surface chemical data. This technique has previously been used to characterise combinatorial 
polymer libraries [6] and should readily be adaptable to the polymer microarray format. 
In order to measure the mechanical properties of a library of polymers in array format nanoindentation 
has been investigated. In this approach, a diamond indenter of known dimensions is pushed into a material 
leaving an indent. The depth of penetration, up to a user-specified load, is monitored and can be used to 
determine a material’s elastic modulus and hardness. This was used to study a library of 1700 polymers, 
which was synthesised and analysed by nanoindentation within a few days as a demonstration of the high 
throughput capabilities of this approach [72]. 
4. Assessment of biological response to microarrays 
In order to move from a combinatorial library of polymers to biomaterials discovery, the biological 
response on each polymer member must be assessed. Initial work by Kohn et al., demonstrated this 
possibility. In one such study, 42 distinct polymers, derived from 6 diphenol monomers and 7 diacid 
monomers, were used to study fibroblast proliferation. Increased proliferation was observed for decreased 
contact angle over the range of 65º-100º [47]. However, this approach required each polymer to be coated 
onto a separate glass substrate, restricting the high throughput biological assessment. The development of 
the polymer microarray format heralded the realisation of high throughput biomaterials discovery. A key 
advantage of polymer microarrays is the ability to expose an entire polymer library to a bioassay in parallel, 
thus, avoiding inter-sample biological variation and permitting cost-effective analysis. This has enabled 
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revealing studies into the attachment of cells onto varied materials, and importantly, enabled material-cell 
interactions to be explored on materials that conventional studies would not have permitted due to time 
restrictions. In order to maximise the benefits that a high throughput platform provides, the biological 
response must also be assessed in a high throughput manner [3]. The use of fluorochromes has been widely 
used for the high throughput characterisation of DNA and protein microarrays [73] and can be used to detect 
quantitatively fluorescently labelled biomolecules on every polymer spot. This is achieved by the use of a 
laser scanner, which is able to acquire fluorescence signals across an entire array at a resolution of 
approximately 5 m within a few minutes. Typically, target molecules are associated with a fluorescent tag 
molecule and incubated with the substrate, or alternatively particular biomolecules within an attached cell 
can be fluorescently stained or expressed with a fluorochrome by transfecting the cell with the appropriate 
gene. This enables enquiries into the total protein adsorption or cell attachment on a polymer microarray to 
be answered successfully, for example, identifying optimal materials for fibronectin (Fn) adsorption [55]. 
For such analysis any autofluorescence of the polymeric materials must be carefully considered, and for 
total cell attachment the fluorescence signal must be calibrated by manually counting cells using optical 
microscopy aided by fluorescent labelling, e.g. DNA/nucleus with SYTO 24. However, investigations into 
greater biological complexities than the total proteins or cell number are met with acquisition and processing 
limitations in order for the answer to be obtained in a high throughput manner. For example, it is more 
difficult to use polymer microarrays to detect subcellular changes in cells due to the material-cell interaction 
such as a rearrangement in actin filaments because techniques restrict the feasibility of acquiring and 
processing in a high throughput manner high resolution images of every cell across an entire array. These 
limitations can be met with improved computational power, the automation of experimental processing or by 
the creation of innovative approaches to experimental design. One important innovation for the high 
throughput, subcellular analysis of cells is the use of automated microscopy systems. This offers optical 
diffraction limit resolutions of approximately 500 nm to be achieved, enabling subcellular features to be 
visualised. The automation also enables images of individual cells to be captured across entire arrays of 
hundreds of polymers. Furthermore, these microscopes often include multiple fluorescence channels such 
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that multiple fluorochromes used to stain specific regions of cells can be captured in a rapid fashion [48, 50, 
74]. Representative images of human ES cells growing on a polymer microarray with multiple channels are 
shown in Figure 6. In order to process the many hundreds of images that can be acquired by these methods 
whilst still maintaining a high throughput approach, computational qualification of image features must be 
realised. This has been achieved by acquiring images of transfected cells expressing a specific protein of 
known function with a green fluorescing protein (GFP) and assigning the fluorescence pattern to the known 
subcellular location of the protein. The subcellular position of expressed GFP-tagged proteins of unknown 
subcellular position could then be detected and assigned by reference to the set of assigned images [69]. 
This technique was used to identify proteins localised to the nucleus, peroxisomes, lamina, nucleoli and the 
plasma membrane with greater than 80% accuracy. 
An alternative to fluorescence reading in the use of surface plasmon resonance, whereupon the adsorption 
of biomolecules to a surface is measured by observing changes in the intensity of a light source that excites 
surface plasmons at a gold surface [75]. This method is label free, in situ, surface sensitive, measures in real-
time and, by measuring the light source with a microscope or camera, spatially resolved measurements can 
be made using a method termed surface plasmon resonance imaging [76-78]. This approach has been 
applied to the study of protein-material interactions on a microarray format [79]. Such studies are important 
as cell-material interactions are often governed by material-protein interactions. In this method, an array of 
polymers was simultaneously studied for its interactions with injected proteins, with the ability to extract 
kinetic and thermodynamic data. Furthermore, this approach can also be used to characterise the thickness 
and swelling of the polymer spots [79, 80].  
Biological assays conducted on polymer microarrays for the discovery of new biomaterials are 
predominantly cell-based assays. Initially, studies using polyacrylate microarrays focussed on the behaviour 
of human stem cells on polymers [48, 49]. Stem cells have the potential to differentiate into many tissue 
types. Materials that effectively and predictably control the behaviour of these cells would be of great 
interest for cell therapy and regenerative medicine, and the vast number of material properties to be explored 
in order to achieve this makes these interactions of particular applicability to the high throughput 
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methodology [81]. For analysis on a polymer microarray, stem cells were prepared by culturing to form 
embryoid bodies for six days before seeding onto the microarray. The cells were grown for a further six days 
with retinoic acid and serum before differentiation was screened for by staining cytokeratin 7, an 
intermediate filament protein found in many glandular and epithelia. This approach identified many 
materials that insitigated differentiation into cytokeratin positive cells, identifying a potential methodology 
for preparing pure populations of epithelia-like cells [48]. The chemical composition of these materials 
could be used as leads for the subsequent development of materials that instigate an epithelial fate for ES 
cells. An image of cells attached to the polymer microarray, with cells stained positive for cytokeratin 
shown in green, is shown in Figure 6. The large number of cells requiring analysis seen in this figure 
highlights the processing difficulties faced when working with microarrays. 
Additional cell-material based studies have implemented presynthesised polyurethane microarrays to 
screen for new biomaterials that support the attachment of human renal tubular epithelial cells. 
Polyurethanes are of interest due to their unique mechanical properties and biocompatibility. After culturing 
cells on the array for five days, polymers spots containing the monomers of 4,4’-
methylenebis(phenylisocyanate) or poly(tetramethylene oxide) diol were identified as supporting more cell’s 
relative to the other polymers studied [50]. This system has also been used to study the attachment of L929 
fibroblast cells [82]. These cells are of interest due to their function within the structural framework of many 
tissues and their critically role in wound healing. Comparison between the wettability of the materials used 
with cell attachment identified a preference of the cells for more hydrophobic surfaces [82]. A polymer array 
consisting of 210 presynthesised polyurethanes and 58 polyacrylates was further used to study the cellular 
adhesion and proliferation of K562 suspension cells, that are not anchorage dependant [83]. An automated 
microscopy system was used to detect and count the number of cells growing on each polymer spot. This 
identified a number of polymers that promoted the attachment of K562 cells. In particular, amine containing 
polymers were found to produce strong cellular adhesion. Subsequent analysis of cell transcription revealed 
that adhesion was coupled with a downregulation of membrane receptors, ligands and channels [83]. 
Polymer arrays have also been used to screen for materials that support the attachment of HeLa cells [56], 
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bone marrow dendritic cells [84], chondrocytes and neural stem cells [49]. One important application 
derived from discovering materials that selectively bind specific cells is the ability to sort heterogeneous 
populations of cells, which is relevant for isolating specific cell lines from primary sources. This was 
demonstrated with osteoprogenic cells, whereupon polymer microarrays were used to identify a material 
from a library of polyurethanes that could exclusively bind STRO-1+ cells, derived from a human bone 
marrow mononuclear cell population. This material was used to isolate these cells from other immature 
osteoblasts like MG-63 cells, STRO-1+ human fetal skeletal cells and differentiated osteoblast-like SoOs 
cells, demonstrating the selectivity of the identified material [85].  
In order to underpin cell attachment assays on polymer microarrays with an increased knowledge of the 
underlying mechanisms, the investigation of protein adsorption is of interest as it is well known that protein 
adsorption plays a key role for cell attachment to materials [86]. For this purpose, fluorescently labelled 
human Fn has been widely studied due to its role in the ECM and its cell adhesive properties. In a study on a 
polymer microarray the total amount of adsorbed protein was measured by a fluorescence scanner whilst the 
adhesive force between the polymer spots and Fn was also measured by probe microscopy force 
measurements [87]. Importantly, both these analysis methods are amenable to the high throughput approach. 
A strong correlation between the measured adhesive force and the amount of protein adsorbed on each 
polymer spot was observed [87]. It was found that protein adsorption could be controlled by altering the 
constituents of the polymer mixtures, and generally speaking, polymers that supported high Fn adsorption 
also supported high cell attachment when arrays were pre-coated with Fn [55]. A typical map depicting this 
result is shown in Figure 7. This result identified the ability of trimethylolpropane benzoate diacrylate 
(monomer 14), a triacrylate that forms a cross-linked polymeric network, to support both protein adsorption 
and cellular attachment. When looking at specific monomers, a sigmoidal relationship was identified 
between Fn adsorption and cell attachment. However, there were apparent disparities observed between cell 
attachment and Fn adsorption. For example, neopentyl glycol diacrylate (monomer 8) showed high levels of 
cell attachment but only minimal amounts of Fn adsorption. This may be caused by the induction of 
different conformational orientations of Fn on different surfaces, resulting in the high adsorption but low 
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activity of Fn on some polymers and low adsorption but high activity on other polymers. This highlights the 
complex nature of these interactions and the need for HTSA to elucidate underlying mechanisms. 
Significantly, the use of a microarray enabled the correlation of material chemistry with biological events 
such as cell attachment and protein adsorption [55]. This marks an innovation in microarray technology, 
whereby the microarray is not simply used to identify positive or negative ‘hits’ in a screening manner, but 
additionally can be used to determine the underlying material-biological interactions in order to predict the 
behaviour of a new material in certain biological conditions. 
Cell attachment can also be studied by printing a polymer microarray containing naturally occurring 
polymers and other ECM components onto a polyacrylamide gel. Such an approach was used for the high 
throughput study of primary rat hepatocyte and I114 mouse ES cell interactions with varied combinations of 
five different ECM components to create a total of 32 unique combinations [88]. In this case maintaining 
hepatocyte function and differentiating embryonic cells to an early hepatic fate was of interest. The results 
showed that two ECM components could together produce an effect that they would do the opposite of when 
displayed separately [88]. For example, Fn and collagen III individually induced a negative effect on 
hepatocyte function compared to the average response to other ECM components present on the array, 
however, when combined with collagen I a positive effect on hepatocyte function was observed. This study 
also identified collagen I and Fn as being the two ECM components best able to instigate the differentiation 
of ES cells to an early hepatic fate. Furthermore, this report demonstrated the possibility of screening ES 
cells with a microarray to produce materials that trigger differentiation pathways in a controlled manner, 
although only one pathway was screened for in the present study.  
Polymer microarrays have also been used to alter phenotypes of living cells upon the over-expression or 
silencing of specific genes of interest using transfected cell microarrays (TCMs). These microarrays are 
formed by seeding cells onto a surface with arrayed DNA. Transfection occurs when adhered cells uptake 
and express DNA from the surface [89, 90]. Transfected cell microarrays are important for being able to 
study genomics in a high-throughput manner within living cells, where all the cellular machinery is present 
for post-transcriptional modifications. Polymer microarrays can assist the use of TCMs by directing cell 
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attachment exclusively to regions where DNA has been arrayed [62]. The array consisted of plasmids 
encoding for either a GFP or a red fluorescing protein (RFP) in a checkerboard pattern. Furthermore, studies 
have shown that the underlying polymeric material plays an important role in the delivery of the DNA to the 
cells [91], thus, by performing this on a polymer microarray many different surface chemistries could be 
screened simultaneously to find the surface which best facilitates this process. The efficiency of cellular 
transfection for various cell lines (human embryonic kidney cells, human cervical adenocarcinoma HeLa 
and mouse melanoma B16F10) was screened on a polyacrylate microarray. A number of co-polymers that 
achieved high transfection efficiency for each cell line were identified, with a high content of methyl-
methacrylate found to be a common feature [92]. This approach may be of particular use with cell lines that 
are typically difficult to transfect.  
5. Future outlook 
The application of combinatorial approaches to the discovery of new biomaterials provides exciting 
opportunities to produce materials designed to give optimal performance for specific applications. This 
process has been facilitated by the development of the automated fabrication and analysis of polymer 
microarrays, produced largely by contact or ink-jet printing. Studies thus far have focused on the discovery 
of materials that support cell attachment for particular cell types. This approach may be of interest for 
identifying materials that promote the attachment of a specific cell type and possibly for sorting 
heterogeneous populations of cells. Other studies have focussed on controlling adhesion and maintaining the 
pluripotency of stem cells. Future studies will focus on supporting the growth and controlling the 
differentiation of stem cells, due to the enormous therapeutic benefits that stem cells offer. However, there is 
a broad range of biological-material interactions that can be explored, the limiting factor being the ability to 
conduct a biological assay and assess the corresponding response in high throughput. Innovative solutions to 
these limitations will result in a broadening of the biological questions answerable by microarrays and 
progress towards ambitious applications such as stimulated neurogenic repair and the creation of functional 
organs from stem cells, both of which include a biological-material interaction. 
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In addition to applications of microarrays in screening for desirable material properties, the size of the 
sample set provides enormous potential to be able to elucidate key underlying principles that govern 
biological-material interactions. This can be achieved by correlating material properties with biological 
events, such as cell attachment. This, in turn, enables the behaviour of new materials to be predicted under 
certain biological conditions and, consequently enables the rational design of subsequent material arrays. 
Such an approach requires high throughput methods that are able to analyse the surface properties of the 
polymer microarrays and multivariate statistical analysis that identify correlations that are not immediately 
obvious. This is an emerging use of material microarrays that has potential to facilitate biomaterials 
discovery, and we believe this to be an area of future growth [93]. 
A key challenge in the application of microarrays is the effective processing of the vast amounts of 
chemical and biological data that can readily be produced. Innovations and automation in the computational 
processing and experimental conduct of biological assays will continue to increase the scope of biological 
questions that can be explored. Innovations in the synthesis of the polymer microarrays will further increase 
the combinatorial space that can be investigated, which will, in turn, continue to provide insightful and 
solutions to the vast array of biomedical problems which involve synthetic materials.  
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Tables 
Table 1. Description of key advances in biomaterial microarray technology, in chronological order. 
Description Materials Significance Reference 
Formation of a combinatorial 
library of ceramic materials in an 
array format 
Mineral array, 128 types 
derived from combinations of 
5 materials 
First demonstration of a microarray 
of materials 
Xiang et al., 
(1995) [7] 
Study of the proliferation of 
fibroblasts on a combinatorial 
library of polymers   
Degradable polyarylates, 42 
co-polymers derived from 6 
diphenol monomers and 7 
diacid monomers.  
First demonstration of screening a 
combinatorial library of polymers for 
biological performance as an 
approach to biomaterials design. 
Brocchini et al., 
(1998) [47] 
Study of stem cell attachment and 
differentiation on a polymeric 
library 
Polyacrylates, 576 member 
library (in triplicate) created 
from 24 monomers, 
polymerised on the glass 
slide 
First production of a microarray of 
polymers for screening cell response. 
First demonstration of on-chip 
polymerisation. First use of pHEMA 
as a slide coating. 
Anderson et al., 
(2004) [48] 
Study of stem cells attachment to 
biodegradable polymers  
Polyesters, 1152 polymer 
blends from 24 pre-
synthesised polymers 
First demonstration of printing pre-
synthesised polymers for formation 
of a materials microarray 
Anderson et al., 
(2005) [49] 
Investigation of the mechanical 
properties of polymers by 
nanoidentation 
Polyacrylates, 576 member 
library (in triplicate) created 
from 24 monomers, 
polymerised on the glass 
slide 
First demonstration of measurements 
of the elastic modulus of materials in 
a high throughput manner 
Tweedie et al., 
(2005) [72] 
Study of human renal tubular cells 
attachment to polymers 
Polyurethanes, 210 member 
library of pre-synthesised 
polymers created from 20 
monomers  
First demonstration of agarose as a 
slide coating. Early example of 
printing pre-synthesised polymers for 
formation of a materials micoarray. 
Tourniaire et 
al., (2006) [50] 
Study of the chemistry and 
wettability of a polymer microarray 
in high throughput 
Polyacrylates, 576 member 
library created from 24 
monomers, polymerised on 
the glass slide 
First demonstration of the ability to 
characterise a polymer microarray in 
a high throughput manner 
Urquhart et al., 
(2007) [64] 
Study identifying the surface 
functionalities of acrylate polymers 
controlling wettability 
Polyacrylates, 576 member 
library created from 24 
monomers, polymerised on 
the glass slide 
First demonstration of the ability of 
PLS to correlate a univariate property 
with multivariate ToF-SIMS data. 
Demonstration of the ability to 
predict wettability from chemical 
functionality. 
Urquhart et al., 
(2008) [68] 
Formation of a hydrogel microarray Polyacrylates and 
polyacrylamides, 37 member 
library containing both pre-
synthesised and on-chip 
polymerised polymers 
First printing of monomers in an 
array format by ink-jet printing. 
Demonstration of the possibility of 
on-chip mixing of monomers. 
Zhang et al., 
(2008) [58] 
Assessment of the specific 
attachment of human skeletal 
progenior cells with a materials 
microarray 
Polyurethanes, 120 member 
library  
Demonstration of the ability to use 
microarrays to identify materials that 
can be used to isolate specific 
osteoblast-like cell lines from a bone 
marrow population 
Tare et al., 
(2009) [84] 
Study the interaction of HeLa cells 
with various biomolecules, 
synthetic and natural polymers 
Proteins, synthetic and 
natural polymers, 12 member 
library 
Demonstration of a low-fouling PEG 
coating that can covalently link any 
deposited molecule to the surface 
Kurkuri et al., 
(2009) [53] 
Study of the interaction of pre-
adsorbed Fn and embroid-body 
stem cells with a material array  
Polyacrylates, 496 member 
library created from 22 
monomers, polymerised on 
the glass slide 
Demonstrated the ability to correlate 
cell attachment with a conditioning 
protein layer and the surface 
chemistry 
Mei et al., 
(2009) [55] 
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Figure Headings 
Figure 1. Schematic of the formation of an array of materials by a sequential sputtering and masking procedure. Initially, a 
mask is applied to a surface and a material is sputtered onto the uncovered regions on the substrate. The mask is then 
shifted or exchanged and a new material is sputtered onto the surface. This process can be repeated with many 
different materials to produce a large combinatorial library of materials. Based upon the technique described in 
reference [7]. 
Figure 2. Schematic of the formation of a materials microarray using contact or ink-jet printing. Spotted solution, shown as 
red, are transferred from a multi-well source plate to a substrate. The solid or quilled pins used for contact printing or 
the nozzle used for ink-jet printing are depicted. 
Figure 3. a) Schematic of the formation of a materials microarray by depositing monomers and initiating the in situ 
polymerisation. The process involves four steps; the printing of a monomer solution containing initiator, the irradiation 
with UV to activate the initiator, the polymerisation of the monomer, and the vacuum extraction of the solvent. Polymer 
is shown as red. Based upon the technique described in reference [48]. b) An image of a typical polymer microarray 
formed by this approach. 
Figure 4. Schematic of the experimental setup for the formation of a materials microarray by laser initiated polymerisation. 
Based upon the technique described in reference [63]. 
Figure 5. Schematic depiction of the toolbox of techniques that can be applied to HTSA. Schematic not to scale.  
Figure 6. hES cells grown on polymer arrays. (a-c) Six million human ES cell embryoid body day-6 cells were added on the 
polymer array in the presence of retinoic acid for 6 day and then stained for cytokeratin 7 (green) and vimentin (red). 
Polymer spots can be identified by blue fluorescence. (d) Nuclei were also stained (green) (not shown in other images 
to simplify presentation). (e) Typical cytokeratin 7 positive spot. From reference [48] with permission. 
Figure 7. (a) Map of the relationship between cell attachment and polymer composition. Cell number per spot was grouped 
into four catagories 1–29, 30–59, 60–89, and 90–119 per spot. Cell numbers are mapped as a function of polymer 
composition. (b) A map of the relationship between Fn adsorption and polymer composition, the major monomer 5, 6, 
7, and 10 are excluded due to autofluorescence from the polymer spots. From reference [55] with permission. 
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